1. Introduction {#sec0005}
===============

Adolescence is a life period during which the self-concept undergoes significant changes. For example, adolescents form increasingly abstract self-descriptions and they develop a more differentiated self-concept that varies across domains and different social contexts ([@bib0105]). It is thought that these changes are triggered by the development of cognitive abilities, by taking on new social roles, and by changes in the environment of adolescents ([@bib0025], [@bib0105]). Importantly, these developmental changes become increasingly domain-specific, with, for example, more differentiated self-evaluations for social, physical and academic domains ([@bib0135]). These domain-specific self-evaluations may be dependent on contextual factors such as school environment and social relations ([@bib0105]). Additionally, although the positivity bias (the overestimation of own abilities, and unrealistically positive self-views) is thought to decline from childhood to adolescence ([@bib0105], [@bib0315]), the exact development of the valence of self-evaluations in adolescence is still debated ([@bib0295]). It has been hypothesized that the development of the valence of self-concept also differs per domain ([@bib0040], [@bib0285]).

Concurrent with changes in self-evaluations, adolescents show large functional and structural changes in brain structures that are implicated in self-referential processing such as the medial prefrontal cortex (mPFC) and posterior parietal cortex (PCC) ([@bib0150], [@bib0215], [@bib0290]). However, to date neuroimaging studies have not yet examined domain- and valence-specificity of self-evaluations in adolescence. The current study set out to test domain and valence differences in self-evaluation in adolescence using functional neuroimaging methods.

1.1. Self-related brain regions {#sec0010}
-------------------------------

The role of the mPFC in self-evaluations has been well studied in adults. In these studies, participants evaluated whether, and to what extent, certain traits were descriptive of the self. Elevated activation in the ventral and rostral mPFC has consistently been found for self-evaluations relative to other-evaluations or baseline activation (for a review and meta-analyses, see [@bib0015], [@bib0080], [@bib0180]). Interestingly, some studies reported stronger ventral mPFC activation for evaluating positive traits than for evaluating negative traits ([@bib0170], [@bib0320]) and this region has previously been linked to positive valuation processes ([@bib0130], [@bib0205]). This suggests that the ventral part of the mPFC is especially involved in affective evaluation of self-traits (D'Argembeau, 2013).

In addition to studies focusing on brain regions for general self-evaluations, several studies reported that a broader network of brain regions is involved when comparing self-evaluations across different domains. Evaluating physical traits has been associated with activation in dorsolateral prefrontal cortex (DLPFC), whereas character evaluations have been associated with posterior cingulate cortex (PCC) activation ([@bib0175], [@bib0230], [@bib0320]).

Recently, several studies investigated the neural activations underlying self-evaluations in childhood and adolescence. A study focusing on 14-to-16-year-old adolescents revealed stronger ventral mPFC, dorsal mPFC and medial posterior parietal cortex (mPPC) activation for evaluations of self compared to evaluations of others ([@bib0255]). Other studies reported increased rostral mPFC activation in children (9--10-years) compared to adults (23--31-years) for self-evaluations relative to evaluations of others ([@bib0225], [@bib0220]). However, other studies reported similar cortical midline activation for direct self-evaluations for early adolescents (11--14-years) and adults (22--31-years) ([@bib0120]), and showed that ventral mPFC activation for self-evaluations increased with age and pubertal development in the social but not the academic domain from age 10--13 years ([@bib0230]). Similarly, a prior study that found rostral ACC activation during memory encoding for traits of self versus mother, showed that this activation increased from age 7--13 years ([@bib0250]). A similar study revealed that activation in this region for self versus a distant other increased across adolescence from age 13--19 ([@bib0055]).

Together these studies suggest that mid to late childhood/early adolescence (7--13 years) may be an important period for the development of brain regions underlying self-evaluations and provide initial evidence that these changes may be domain-specific. That is, the development of self-related brain activation might differ for evaluating the self in different domains. However, prior studies included adolescents in narrow age ranges and varying age groups. Consequently, these studies mostly compared specific age groups (children and/or adolescents) with adults. A developmental pattern of self-related brain activation across childhood, adolescence, and early adulthood has not yet been tested. Moreover, it remains to be determined whether adolescents also show neural activations in distinct regions for evaluations in different domains, similar to what has previously been found in adults ([@bib0175], [@bib0320]).

1.2. Current study {#sec0015}
------------------

In the current study, we aimed to test domain- and valence-specificity of self-concept development in adolescence, by including a large sample (N = 150) of participants across a broad age range from (11--21-years). For this purpose, participants evaluated themselves on descriptions of positive and negative traits in three domains (academic, physical, prosocial). Our specific aims were 1) to investigate whether ventral/rostral mPFC was more active for self-evaluations compared to a baseline condition in adolescents ([@bib0015], [@bib0080], [@bib0180], [@bib0230], [@bib0220]), 2) to unravel domain-specific neural activation with a focus on DLPFC for physical self-evaluations, and PCC for character (academic and prosocial) self evaluations ([@bib0175], [@bib0320]), 3) to test whether ventral mPFC is more active for evaluating positive than negative self-traits in adolescence, similar to what has previously been reported in adults ([@bib0170], [@bib0320]), and 4) to explore whether activation in these brain regions would show age-related changes across adolescence ([@bib0055], [@bib0120], [@bib0230], [@bib0225], [@bib0220], [@bib0250]).

We tested for linear changes with age (both positive and negative) based on studies that compared children/early adolescents with adults ([@bib0120], [@bib0225]). Even though no prior studies examined changes in self-evaluations from mid to late adolescence, a prior study that examined self-consciousness showed stronger mPFC activation in mid adolescents compared to children and adults when participants believed they were being observed by others ([@bib0290]). Therefore, we also tested whether the activation in self-related brain regions would show a quadratic change.

2. Method {#sec0020}
=========

2.1. Participants {#sec0025}
-----------------

This study was part of a larger study (the Leiden Self-Concept study). Participants were 160 right-handed children, adolescents, and young adults, of whom 10 were excluded due to the following reasons: excessive head movements during the fMRI scans (more than 3 mm across the full run, n = 8), did not complete scan (n = 1), and technical error (n = 1). Consequently, a total of 150 healthy participants (80 female) aged between 11 and 21 years old (mean age = 15.7, *SD* = 2.9) were included in the analyses. Motion correlated negatively with age, indicating that older participants moved less during the scan than younger participants (*r* = −0.314, *p \<* 0.001). We added motion parameters to all the analyses to control for these differences (see below).

All participants reported normal or corrected-to-normal vision, and an absence of neurological or psychiatric impairments. Participants completed two subtests of the WISC-III or WAIS-III (Similarities and Block Design). Estimated IQ scores fell between 80.0 and 137.5 (*M* = 110.30, *SD* = 11.06), and IQ did not correlate with age (*r*(148) = 0.007, *p* = 0.934). Pubertal status was assessed using the Pubertal Development Scale (PDS; [@bib0210]). Pubertal status scores ranged from 5 to 20 in girls (mean = 15.3, *SD* = 3.5), and from 5 to 20 in boys (mean = 14.3, *SD* = 4.2). This corresponds to an average PDS stage of 4.15 (range 1--5) for girls, and 3.57 (range 1--5) for boys.

All participants and both parents of minors signed informed consent before inclusion in the study. The study was approved by the University Medical Ethical Committee. Prior to the scan session, participants were screened for MRI contra-indications and self-reported psychiatric diagnoses or psychotropic medication. All scans were viewed by a radiologist and no clinically relevant findings were observed.

2.2. Task description {#sec0030}
---------------------

All participants completed an fMRI task in which they were presented with short sentences describing either positively or negatively valenced traits in the academic, physical or prosocial domain ([Fig. 1](#fig0005){ref-type="fig"}, [Appendix A](#sec0120){ref-type="sec"}). In the self-condition, participants were asked to indicate to what extent the trait sentences applied to them on a scale of 1--4. Participants responded to 60 trait sentences (e.g. 'I am smart', 'I am unattractive') by pressing buttons from 1 ('not at all') to 4 ('completely') with the index to little finger of their right hand. Twenty trait sentences were shown for each domain; ten with a positive valence and ten with a negative valence. In the baseline condition, all response demands were the same, except that in this condition participants were asked to categorize other trait sentences according to four categories: (1) school, (2) social, (3) appearance, or (4) I don't know. Twenty trait sentences were shown in this block; ten with a positive valence and ten with a negative valence. The two conditions appeared in separate runs and the order of conditions was counterbalanced across participants. All stimuli and the average number of words per sentence in each condition can be found in [Appendix A](#sec0120){ref-type="sec"}. Analyses on the sentence length revealed a domain x valence interaction effect (*F*(2, 18) = 4.92 *p* = 0.020). Post-hoc tests showed that positive sentences were comparable in length for all domains (*F*(2, 18) = 0.02, *p* = 0.986), whereas negative prosocial sentences consisted of more words compared to negative sentences in the other domains (*F*(2, 18) = 9.32, *p* = 0.002). Moreover, academic positive sentences consisted of more words than academic negative sentences (*F*(1, 9) = 6.44, *p* = 0.032).Fig. 1Example of a trial in the Self and the Control block. Each trial started with a black screen with a jittered duration between 0 and 4400 ms. Subsequently, a fixation cross was shown for 400 ms after which the stimulus appeared. In the Self block, participants rated on a scale of 1--4 to what extent the traits fit themselves. In the Control block, participants categorized the trait sentences into one of four options. The stimulus was shown for 4600 ms. If participants responded within this timeframe, the number of their choice would turn yellow. If participants failed to respond within this timeframe, a screen with the phrase 'Too Late!' was shown for an additional 100 ms after which the next trial would start.Fig. 1

Participants completed the trials in both conditions in a pseudorandomized order. Each trial began with a 400 ms fixation cross. Subsequently, the stimulus was presented for 4600 ms, which consisted of the trait sentence and the response options (1--4). Within this timeframe, participants could respond to the sentence. To assure participants that their choice had been registered, the number they chose turned yellow for the remaining stimulus time. If the participant failed to respond within the 4600 ms, they were shown the phrase 'Too late!' for 1000 ms. These trials were modeled separately and were not included in the analysis. Too late responses occurred on 1.1% of the trials in the Self block and on 0.7% of trials in the control condition. The order of the trials was optimized using Optseq ([@bib0070]). Additionally, OptSeq was used to add jittered intertrial intervals, that varied between 0 and 4.4 s.

The fMRI task was validated by correlating the self-evaluations in the three domains to subscales of the Dutch version of the Self Perception Profile for Adolescents (SPPA) ([@bib0100]) ([Table 2](#tbl0010){ref-type="table"}). We also included the subscale "prosocial" from the Strengths and Difficulties Questionnaire (SDQ) as an additional index for prosocial self-evaluations. Scores on the positive academic and negative academic domain, correlated significantly with the subscales scholastic competence (positive academic: *r*(148) = 0.57, *p \<* 0.001; negative academic: *r*(148) = −0.45, *p \<* 0.001) and behavioral conduct (positive academic: *r*(148) = 0.50, *p \<* 0.001; negative academic: *r*(148) = −0.47, *p \<* 0.001). Scores on the physical domain correlated with the subscales physical appearance (positive physical: *r*(148) = 0.60, *p \<* 0.001; negative physical: *r*(148) = −0.61, *p \<* 0.001), social competence (positive physical: *r*(148) = 0.25, *p* = 0.002; negative physical: *r*(148) = −0.25, *p* = 0.003) and athletic competence (negative physical: *r*(148) = −0.21, *p* = 0.009). Scores on the prosocial domain correlated with the subscale close friendship (positive prosocial: *r*(148) = 0.61, *p* = 0.002; negative prosocial: *r*(148) = −0.20, *p* = 0.013) and with the SDQ prosocial subscale (positive prosocial: *r*(148) = 0.61, *p \<* 0.001; negative prosocial: *r*(148) = −0.42, *p \<* 0.001). All other correlations are presented in [Table 1](#tbl0005){ref-type="table"}.Table 1*Correlations* of scores on all conditions of the Self block with all SPPA subscales and the SDQ prosocial subscale.Table 1Academic PositiveAcademic NegativePhysical PositivePhysical NegativeProsocial PositiveProsocial NegativeScholastic Competence*R*0.566[\*\*](#tblfn0005){ref-type="table-fn"}−0.447[\*\*](#tblfn0005){ref-type="table-fn"}0.187[\*](#tblfn0010){ref-type="table-fn"}−0.0630.0200.086*p-value*0.0000.0000.0220.4460.8110.294Behavioral Conduct*R*0.500[\*\*](#tblfn0005){ref-type="table-fn"}−0.466[\*\*](#tblfn0005){ref-type="table-fn"}−0.039−0.0550.0710.117*p-value*0.0000.0000.6350.5060.3890.153Social Competence*R*−0.025−0.0420.250[\*\*](#tblfn0005){ref-type="table-fn"}−0.245[\*\*](#tblfn0005){ref-type="table-fn"}0.027−0.109*p-value*0.7580.6080.0020.0030.7400.184Athletic competence*R*−0.074−0.0380.151−0.214[\*\*](#tblfn0005){ref-type="table-fn"}−0.0820.009*p-value*0.3690.6430.0660.0090.3160.910Physical Appearance*R*0.136−0.1140.596[\*\*](#tblfn0005){ref-type="table-fn"}−0.606[\*\*](#tblfn0005){ref-type="table-fn"}−0.1080.013*p-value*0.0970.1650.0000.0000.1900.873Close friendship*R*0.137−0.0360.242[\*\*](#tblfn0005){ref-type="table-fn"}−0.1080.249[\*\*](#tblfn0005){ref-type="table-fn"}−0.203[\*](#tblfn0010){ref-type="table-fn"}*p-value*0.0950.6600.0030.1880.0020.013Global self-worth*R*0.234[\*\*](#tblfn0005){ref-type="table-fn"}−0.246[\*\*](#tblfn0005){ref-type="table-fn"}0.431[\*\*](#tblfn0005){ref-type="table-fn"}−0.465[\*\*](#tblfn0005){ref-type="table-fn"}−0.0680.042*p-value*0.0040.0020.0000.0000.4060.608SDQ_Prosocial*R*0.201[\*](#tblfn0010){ref-type="table-fn"}−0.0590.0090.0680.605[\*\*](#tblfn0005){ref-type="table-fn"}−0.420[\*\*](#tblfn0005){ref-type="table-fn"}*p-value*0.0130.4700.9090.4070.0000.000[^1][^2]Table 2*Regions* activated during the domain contrasts.Table 2*RegionBACoordinatesCluster SizeT(A) Physical \> Academic & Prosocial (FDRc \< 0.001* *=* *97)*Frontal cortex/SubcorticalR Superior Medial Frontal (dmPFC)3413416266.50L Superior Medial Frontal10−356136.26R Superior Medial Frontal9053316.10R Middle Frontal (VLPFC)4651411310428.66R Inferior Frontal orb472732−147.10R Insula133020−176.86L Inferior Frontal (VLPFC)46−4238108098.32L Middle Frontal47−2738−117.82L Insula13−2714−176.89Parietal cortexR Inferior Parietal (IPL)3942−55463616.18R Angular3939−67465.40R Inferior Parietal4057−40493.77L Inferior Parietal39−48−55493544.98L Inferior Parietal39−33−67434.94L Inferior Parietal39−39−55434.93R Posterior Cingulum (PC/PCC)0−34282295.89R Middle Cingulum240−7345.57R Precuneus (PC/PCC)712−67401735.48L Precuneus (PC/PCC)7−9−73403.96Temporal cortexL Inferior Temporal (ITG)37−54−52−17975.92R Inferior Temporal (ITG)2160−43−111544.98R Middle Temporal2166−34−84.83  *(B) Academic \> Physical & Prosocial (FDRc \< .001* = 58)Frontal cortex/SubcorticalL Middle Frontal (DLPFC)8−212949854.46L Superior Frontal81244463.68Parietal cortexL Precuneus (PC/PCC)23−3−58162946.93L Mid Cingulum23−3−43344.59L Angular (IPC)39−48−7334584.93  *(C) Prosocial \> Academic & Physical (FDRc.001* *=* *190)*Occipital cortexR Lingual189−79−21904.18[^3]

2.3. fMRI data acquisition {#sec0035}
--------------------------

MRI scans were acquired on a Philips 3T MRI scanner, using a standard whole-head coil. Functional scans were acquired in two runs with T2\*-weighted echo-planar imaging (EPI) sequence (TR = 2200 msec, TE = 30 msec, sequential acquisition, 37 slices of 2.75 mm, FOV = 220 × 220 × 111.65 mm). The first two volumes were discarded to account for T1 saturation. After the functional scans, a high-resolution 3D T1-FFE scan for anatomical reference was obtained (TR = shortest msec, TE = 4.6 msec, 140 slices, voxel size = 0.875 mm, FOV = 224 × 178.5 × 168 mm). Sentences were projected on a screen behind the scanner and could be seen by the participant via a mirror attached to the head coil. Head movement was restricted by placing foam inserts inside the coil.

2.4. fMRI preprocessing and statistical analysis {#sec0040}
------------------------------------------------

All data were analyzed using SPM8 (Wellcome Department of Cognitive Neurology, London). The functional scans were corrected for slice-timing acquisition and differences in rigid body movement. All structural and functional volumes were spatially normalized to T1 templates. The normalization algorithm used a 12-parameter affine transformation together with a nonlinear transformation involving cosine basis functions. The algorithm resampled the volumes to 3 mm cubic voxels. Templates were based on the MNI305 stereotaxic space ([@bib0035]). Functional volumes were spatially smoothed with a 6 mm FWHM isotropic Gaussian kernel.

Task effects for each participant were estimated using the general linear model in SPM8. The fMRI time series were modelled as a series of zero duration events convolved with the hemodynamic response function (HRF). Modelled events of interest for the self task were "Academic-Positive", "Academic-Negative", "Physical-Positive", "Physical-Negative", "Prosocial-Positive" and "Prosocial-Negative". For the control task, only one event of interest was modelled: "Control" (collapsed across domains and valences). Trials in which participants failed to respond were modelled as events of no interest. The events were used as covariates in a general linear model, along with a basic set of cosine functions that high-pass filtered the data. Six motion regressors were added to the model. The resulting contrast images, computed on a subject-by-subject basis, were submitted to group analyses.

To investigate our aims, we performed two separate analyses. In the first analysis, all self-condition trials (collapsed across domains and valences) were compared to the control trials using a one sample *t*-test for the contrast Self \> Control. The goal of this analysis was to reveal regions that were more engaged during self-evaluations. In the second analysis, we tested for domain- and valence-specificity using trials in the self-condition. For this analysis a 3 (domain: academic, physical, prosocial) x 2 (valence: positive, negative) whole-brain ANOVA was computed. For all analyses, we applied FDR cluster level correction (*p \<* 0.05) at an initial uncorrected threshold of *p \<* 0.001, as implemented in SPM8.

Next, whole-brain analyses were performed to investigate possible linear and quadratic age effects, using age as a linear or quadratic regressor in all the contrasts (positive and negative). Finally, we used the Marsbar ROI toolbox to perform follow-up analyses on 5 ROIs from the Self \> Control contrast. The results were corrected for multiple comparisons using a Bonferroni method adjusting for correlated variables (<http://www.quantitativeskills.com/sisa/calculations/bonfer.htm>) ([@bib0200], [@bib0265]). The average correlation between variables (5 ROIs) was *r* = 0.30, which resulted in an adjusted significance level (2-sided adjusted) of α = 0.016. Greenhouse--Geisser corrected *p*-values were reported when appropriate.

3. Results {#sec0045}
==========

3.1. Behavioral results {#sec0050}
-----------------------

To investigate how participants evaluated themselves on trait sentences in different domains we performed a repeated measures ANOVA with domain (physical, academic, prosocial) as a within subjects factor. Negative self-evaluations were recoded and the combined scores of positive and negative evaluations resulted in an applicability score, such that higher applicability scores indicated a more positive evaluation of the self. The results showed a main effect of domain (*F*(2, 298) = 27.73, *p \<* 0.001, ƞ~ƿ~^2^ = 0.16). This effect indicated that participants were most positive about their prosocial traits (prosocial versus physical: *p* = 0.002, prosocial versus academic: *p \<* 0.001), and least positive about their academic traits (academic versus physical: *p \<* 0.001), whereas physical traits were rated in the middle ([Fig. 2](#fig0010){ref-type="fig"}a). To test how these evaluations differed with age, age was added as a covariate to these analyses, first as a linear factor, and second as a quadratic age factor. There were no main-effects or interaction effects with age as a linear factor, and there was no main-effect of age as a quadratic factor (all *p*-values \>0.47). However, a significant domain x quadratic age interaction effect was found (*F*(2, 296) = 6.83, *p* = 0.001, ƞ~ƿ~^2^ = 0.04). Follow-up analyses showed a negative quadratic effect of age in the academic domain (*F*(1, 148) = 9.86, *p* = 0.002, ƞ~ƿ~^2^ = 0.06), but not in the physical (*F*(1, 148) = 1.16, *p* = 0.28, ƞ~ƿ~^2^ = 0.01) or prosocial (*F*(1, 148) = 0.037, *p* = 0.85, ƞ~ƿ~^2^ = 0.00) domain. As can be seen in [Fig. 2](#fig0010){ref-type="fig"}b, academic traits were rated less positive in mid adolescence compared to childhood and early adulthood.Fig. 2Applicability scores in the Self block. Higher scores indicate more positive evaluations about the self. **A.** Participants rate themselves most positive on prosocial traits and least positive on academic traits. **B.** Academic traits are rated less positively in mid adolescence compared to in childhood and young adulthood.Fig. 2

Next, we examined reaction time differences between conditions. We conducted a repeated measures ANOVA with domain (physical, academic, prosocial) as a within subjects factor. The analysis resulted in a main effect of domain (*F*(2, 298) = 122.11, *p \<* 0.001, ƞ~ƿ~^2^ = 0.45), indicating the slowest reaction times for prosocial sentences (prosocial versus academic and physical: *p \<* 0.001), and the fastest reaction times for physical sentences (physical versus academic and prosocial: *p \<* 0.001). With age added as linear or quadratic covariate, we only found a main effect of linear age (*F*(1, 148) = 16.89, *p \<* 0.001, ƞ~ƿ~^2^ = 0.10), showing a decrease in reaction times with increasing age.

As we were interested in differences for positive and negative self-evaluations, we conducted a 3 (domain) x 2 (valence) post-hoc repeated-measures ANOVA to test for a main effect of valence. The analysis showed that participants responded faster to positive compared to negative trait sentences (*F*(1, 149) = 17.66, *p \<* 0.001, ƞ~ƿ~^2^ = 0.11). With age added as linear or quadratic covariate, we did not find any interaction effects of valence with age.

3.2. fMRI results {#sec0055}
-----------------

### 3.2.1. Domain-general self evaluations {#sec0060}

To detect brain regions that were generally involved in self-evaluations, we conducted a whole-brain one-sample *t*-test for Self \> Control. This analysis revealed significantly stronger activation for Self relative to Control trials in mPFC, right ventrolateral prefrontal cortex (VLFPC), left dorsolateral prefrontal cortex (DLPFC), right supramarginal gyrus and left supplementary motor area (SMA) ([Fig. 3](#fig0015){ref-type="fig"}).Fig. 3Brain activation in the Self \> Control contrast. A whole-brain *t*-test (FDR-cluster corrected at *p \<* 0.001) revealed significantly stronger activation for Self relative to Control trials in mPFC, left DLPFC, right VLPFC, right Supramarginal gyrus and left Supplementary Motor Area (SMA). \*\*\* = *p*\<0.001.Fig. 3

### 3.2.2. Domain- and valence-specific self evaluations {#sec0065}

Next, we tested whether self-evaluations in the three domains and for positive and negative valence showed distinct activation patterns. Valence was added as additional factor based on prior studies showing that positively valenced traits are processed differently at a neural level compared to negatively valenced traits.

[Fig. 4](#fig0020){ref-type="fig"}a illustrates activations for each domain relative to the control condition. To investigate domain- and valence-specific activation patterns, trials from the self-condition were included in a 3 (domain) x 2 (valence) whole-brain full factorial ANOVA. This analysis revealed a main effect of domain in bilateral ventrolateral prefrontal cortex (VLPFC), bilateral inferior parietal lobule (IPL), bilateral inferior temporal gyrus (ITG) and precuneus/posterior cingulate cortex (PC/PCC). In addition, the main effect of valence showed activation in the vmPFC (mid orbital gyrus) and in bilateral lingual gyrus.Fig. 4**A.** Activity for physical \> control, academic \> control, and prosocial \> control. **B.** Specific activation for evaluating physical trait sentences in bilateral VLPFC, bilateral IPL, bilateral ITG, PC/PCC and dmPFC. **C.** Specific activation for evaluating academic trait sentences in PC/PCC, left IPC and left DLPFC. **D.** Specific activation for evaluating prosocial trait sentences in right Lingual gyrus. All regions survived FDR-cluster correction at *p \< 0*.001.Fig. 4

To inspect these main effects for domain in more detail, we compared activity for the contrasts physical \> academic & prosocial ([Table 2](#tbl0010){ref-type="table"}a), academic \> physical & prosocial ([Table 2](#tbl0010){ref-type="table"}b), and prosocial \> academic & physical ([Table 2](#tbl0010){ref-type="table"}c). Specific activation for evaluating physical trait sentences appeared in bilateral VLPFC, bilateral IPL, bilateral ITG, PC/PCC, and dorsal mPFC ([Fig. 4](#fig0020){ref-type="fig"}b). Specific activation for evaluating academic trait sentences was found in PC/PCC, left inferior parietal cortex (IPC), and in left dorsolateral prefrontal cortex (DLPFC) ([Fig. 4](#fig0020){ref-type="fig"}c). Specific activation for evaluating prosocial trait sentences was only found in right lingual gyrus ([Fig. 4](#fig0020){ref-type="fig"}d).

The main effect of valence was followed up by direct comparisons. The one-sample *t*-tests for positive \> negative ([Table 3](#tbl0015){ref-type="table"}a) showed specific activation for evaluating positive trait sentences in vmPFC and right lingual gyrus. The negative \> positive contrast revealed activation for evaluating negative sentences in left lingual gyrus only ([Table 3](#tbl0015){ref-type="table"}b; [Fig. 5](#fig0025){ref-type="fig"}).Table 3*Regions* activated during the valence contrasts.Table 3*RegionBACoordinatesCluster SizeT(A) Positive \> Negative (FDRc \< 0.001 = 170)*Frontal cortexL Medial Frontal orb (vmPFC)10−356−53936.05L Anterior Cingulum32−344−25.47Occipital cortexR Lingual189−82−81705.11R Lingual1818−73−84.57  *(B) Negative \> Positive (FDRc \< 0.001 = 202)*Occipital cortexL Lingual18−12−76−82026.63L Calcarine17−12−7945.04[^4]Fig. 5Specific activation for evaluating positive trait sentences in vmPFC and right lingual gyrus. Specific activation for evaluating negative trait sentences in left lingual gyrus. All regions survived FDR-cluster correction at *p *\< 0.001.Fig. 5

### 3.2.3. Whole-brain linear and quadratic age effects {#sec0070}

To test for possible linear and quadratic developmental patterns in the contrasts specified above, whole-brain regressions were performed for all contrasts (self \> control, academic \> physical & prosocial, physical \> academic & prosocial, prosocial \> academic & physical, positive \> negative and negative \> positive) using age as a linear and quadratic covariate. Only one region survived FDR-cluster correction at *p *\< .001 (with RT correction, this result survives FWE-cluster correction, but not FDR-cluster correction): in the positive \> negative contrast, there was a quadratic age effect in the striatum (x = 24, y = 32, z = 1). As can be seen in [Fig. 6](#fig0030){ref-type="fig"}, striatum activation for positive compared to negative self-evaluations were attenuated in mid- to late-adolescents compared to their younger and older peers.Fig. 6In the positive \> negative contrast, there was a quadratic age effect in the striatum (x = 24, y = 32, z = 1), showing that mid- and late-adolescents involve less striatum activation for positive compared to negative self-evaluations, compared to children and young adults.Fig. 6

### 3.2.4. Linear and quadratic age effects in domain-general self-evaluation regions {#sec0075}

The whole-brain analyses reported above only showed a significant age effect for the contrast positive versus negative valence traits. To explore possible linear and quadratic changes within domain-general self-evaluation regions, we performed exploratory age analyses on specific ROIs from the Self \> Control contrast. Because these regions were interconnected and spanned several brain regions, we used a more stringent voxel level FWE-correction (*p \<* 0.05) to separate the regions into separate ROIs. All coordinates for this analysis are reported in [Table 4](#tbl0020){ref-type="table"}a. To test for developmental differences in the neural correlates of self-evaluations across valences and domains, we performed 2 separate 3 (domain) x 2 (valence) ANOVAs with 1) linear age and 2) quadratic age as a covariate on the ROIs. Only effects including the age factor are reported.Table 4*Regions* activated during the Self \> Control and reversed contrast.Table 4*RegionBACoordinatesCluster SizeT(A) Self \> Control (FWE \< 0.05)*Frontal cortexR Superior Medial Frontal (mPFC)10662132987.41L Anterior Cingulum32−64416.43L Superior Medial Frontal10−656136.35L Suppl. Motor Area6−6267416.95R Inferior Frontal oper.44571122346.53L Middle Frontal Gyrus10−274731275.70Parietal cortexL Supramarginal Gyrus4060−2846596.64  *(B) Control \> Self (FWE \< 0.05)*Frontal cortexL Precentral8−428312598.44L Inferior Frontal Tri44−4520257.95L Inferior Frontal Tri46−5129197.66L Middle Frontal6−271452537.30Parietal cortexL Precuneus7−6−6746615.87L Precuneus7−3−58495.83Occipital cortexL Lingual18−12−85−11195011.63R Fusiform1930−79−1410.59L Middle Occipital19−30−881310.58[^5]

#### 3.2.4.1. Age x domain effects {#sec0080}

In mPFC, we found an interaction effect between linearly increasing age and domain (*F*(2, 296) = 4.39, *p* = 0.013 (with RT-correction *p \>* 0.05)) ([Fig. 7](#fig0035){ref-type="fig"}a). Post hoc tests reveal that in mPFC, activation in response to sentences in the physical domain increased linearly with age (*p* = 0.008 (with RT-correction *p* = 0.013)). No age effects were observed for the academic and prosocial domains.Fig. 7Age effects within Self \> Control derived ROIs. **A.** mPFC activation for physical trait evaluations increased linearly with age. **B.** Less left DLPFC activation for positive trait evaluations in mid-adolescents. **C.** Stronger left SMA activation for negative trait evaluations in mid- to late-adolescents.Fig. 7

#### 3.2.4.2. Age x valence effects {#sec0085}

In left DLPFC and left SMA we found an interaction effect of valence and quadratic age (DLPFC: *F*(1, 148) = 5.87, *p* = 0.017 (note that *p \>* 0.016) (with RT-correction *p* = 0.019); SMA: *F*(1, 148) = 7.43, *p* = 0.007) ([Fig. 7](#fig0035){ref-type="fig"}b/c). For left DLPFC, positively valenced traits resulted in less pronounced activation in mid-adolescents relative to children and young adults. For SMA, negatively valenced trials resulted in more activation in mid- to late-adolescents relative to children and young adults.

4. Discussion {#sec0090}
=============

In this study, we aimed to investigate the neural correlates of domain- and valence-specific self-evaluations from late childhood, across adolescence, into early adulthood. Furthermore, we tested for linear and quadratic developmental patterns. The neuroimaging results revealed three main findings. First, we replicated prior research showing self-relevant neural activity in mPFC. Second, partly overlapping and partly distinct neural networks were involved for evaluating traits in the academic, physical and prosocial domains. Third, age analyses revealed an age-related increase in mPFC for physical self traits, and showed decreased striatum activation for positive self-evaluations in mid- to late-adolescence, with activation in two general self-related brain regions (left DLPFC and SMA) mirroring this pattern. In the discussion we first summarize the behavioral results. Subsequently the discussion is organized along the lines of the main neuroimaging findings.

The behavioral results showed that participants were most positive about their prosocial traits and least positive about their academic traits. Additionally, mid- to late-adolescents were relatively more negative about their academic traits compared to children and young adults. This finding extends previous studies indicating a decrease in academic self-concept in mid- to late-adolescents ([@bib0285]), and shows that young adults recover from this decrease. Overall, the behavioral findings suggest that the differentiation of self-evaluations according to specific domains that arises in childhood ([@bib0115]), persists into adolescence ([@bib0105]). The finding that children, adolescents, and young adults rate themselves higher on prosocial compared to other domains possibly indicates that prosocial traits are important in the process of social reorientation ([@bib0185]).

4.1. Self-, domain- and valence-specific neural activation {#sec0095}
----------------------------------------------------------

The primary goal of this study was to investigate neural activation patterns for general self-evaluations spanning a broad range from childhood to young adulthood (11--21-years) and to test for possible domain- and valence-specific activation patterns. Consistent with our expectations, we found increased mPFC activation for evaluating self-traits compared to a baseline task ([@bib0080], [@bib0180], [@bib0230], [@bib0220], [@bib0255]). This has been consistently reported in studies with adult participants (for a meta-analysis, see [@bib0080]), and the current study adds to this literature by showing that adolescents engage this region as well for self-evaluations (see also [@bib0215], [@bib0255]).

An important goal of this study was to test if there are domain-specific brain regions that are involved in processing self-traits in different domains. In line with previous research investigating self-concept in different domains in adults ([@bib0175], [@bib0320]), for evaluating physical trait sentences, we found activation in regions involved in autobiographical memory retrieval (PC/PCC: [@bib0090], [@bib0190], [@bib0325]), empathy, mentalizing and perspective taking (IPL: [@bib0075], [@bib0260], [@bib0330]), and cognitive control and action monitoring (VLPFC, dmPFC: [@bib0045]). Interestingly, the dorsal mPFC and VLPFC are also often involved in self- versus other-referential evaluations and self-monitoring ([@bib0080], [@bib0180], [@bib0195], [@bib0275]). More specifically, dorsal mPFC has been linked to less relevant self-evaluations or evaluations of dissimilar others ([@bib0060], [@bib0080], [@bib0165], [@bib0180]). Moreover, this region has been found to be activated when making mental state attributions and in the formation of impressions ([@bib0155], [@bib0160], [@bib0165]), in mental imagery including familiar people ([@bib0110], [@bib0305]), and in social rejection ([@bib0005]). Therefore, one possibility is that when evaluating one's physical traits, adolescents (11--21 years) might be more focused on (the opinions of) others compared to when evaluating one's academic or prosocial traits.

For evaluating academic trait sentences, we found increased activation in the PC/PCC, the left IPC and the left DLPFC. These findings fit with prior studies in adults which showed more activation in the PC/PCC for character or academic evaluations ([@bib0175], [@bib0320]), and suggest processes of autobiographical (PC/PCC: [@bib0090], [@bib0190], [@bib0325]) and semantic (DLPFC: [@bib0020], [@bib0140], [@bib0310]) memory retrieval in evaluating one's academic traits. These regions (PC/PCC, DLPFC, IPC) were activated for evaluating both physical versus academic and prosocial traits, and academic versus physical and prosocial traits, suggesting that these regions are especially less involved in evaluating prosocial traits. Moreover, when evaluating prosocial traits, adolescents did not engage the social brain regions that were engaged in a previous study in adults ([@bib0320]). Possibly, prosocial self-evaluations in children, adolescents and young adults rely mainly on a general self-evaluations network and do not engage additional regions outside of this network, but future studies should test these developmental differences in more detail.

Interestingly, when we distinguished between positively and negatively valenced traits, it was observed that positive trait sentences elicited more activation in vmPFC (located in the anatomical medial orbital gyrus) than negative trait sentences, consistent with prior research in adults ([@bib0170], [@bib0320]). The medial part of the orbital gyrus has previously been linked to positive valuation processes in adults ([@bib0130], [@bib0205]). It should be noted that positively valenced traits were also rated as more applicable to self, so it is possible that this region represents self-relevance ([@bib0065]). Another notable finding was the clear hemispheric difference in lingual gyrus activation for positive (right lingual gyrus) and negative (left lingual gyrus) trait evaluations. As we are not aware of any other study reporting such hemispheric differences, future research is required to confirm and possibly explain this result.

4.2. Age effects {#sec0100}
----------------

An additional aim that was addressed in this study was to test whether self-evaluation regions showed developmental changes between ages 11 and 21 years. Previous behavioural studies have demonstrated pronounced changes in self-evaluation during this age range ([@bib0105]). In this study, we found that mPFC activation increased with age for evaluating physical trait sentences. These findings are consistent with other studies showing increased self-related mPFC activation across adolescence, although this was specifically observed in the social domain in a prior study ([@bib0230]). Other studies using a self-reference effect paradigm also showed increases in self-related mPFC activation from childhood to early adolescence, and from early to late adolescence ([@bib0055], [@bib0250]). However, previous studies contrasting adolescent with adult samples showed mixed results, with some studies indicating stronger self-related mPFC activation in children compared to adults, suggesting a decrease across adolescence ([@bib0225]; Pfeifer, Lieberman, & Dapretto, 2007), and one study reporting similar levels of activation for early adolescents and adults ([@bib0120]). This study adds to the literature by showing a linear increase in self-related mPFC activation from late childhood into early adulthood that is domain specific for physical traits. An interesting question for future studies is to test in more detail at which ages mPFC activity is more pronounced. The current findings show that these patterns are possibly depending on domain.

Finally, the whole-brain results further showed that positive relative to negative self traits elicited increased activity in the striatum in children and adults, and a dip in mid to late adolescence. Striatum activation has been implicated in self-relevance, self-relatedness, intrinsic value ([@bib0050], [@bib0085], [@bib0235], [@bib0245], [@bib0270], [@bib0350], [@bib0345]), and in salience and valuation associated with reward ([@bib0125], [@bib0145]). This suggests that positive versus negative self-descriptions are less self-relevant or salient for mid- to late-adolescents compared to children and young adults. The results relate to a possible decrease in self-evaluation, as also observed in behavioural scores in the academic domain. The dip for positive traits in mid-adolescence was also observed in left DLPFC, whereas in left SMA, there was a peak in activation for evaluating negative traits in mid- to late-adolescence. Together, these findings are important in the context of adolescent-emergent depression ([@bib0095]). For example, a recent study found attenuated striatum activation in response to positive self-descriptions in depressed adolescents, suggesting that this attenuation might heighten the risk for depression ([@bib0240]). Future longitudinal research is necessary to test these relations in more detail.

4.3. Limitations and future directions {#sec0105}
--------------------------------------

This study had several strengths including a focus on different domains and testing children, adolescents and young adults across the range of 11--21-years. However, several limitations also deserve attention. First, a limitation in this study is related to differences between the stimuli. The negative prosocial sentences consisted of more words compared to negative sentences in the other conditions, and academic positive sentences consisted of more words than academic negative sentences. These differences can possibly account for the different activation patterns in the lingual gyrus. Second, as it was important that participants in the control condition would read trait sentences, think about the sentences, but not think about themselves, the sentences in this condition are slightly different in structure compared to the sentences in the self-evaluation condition (see [Appendix A](#sec0120){ref-type="sec"}). This might be a confound in the results. Third, even though the sample size is large compared to prior studies, this study did not include a large group of early adolescents. In this period, pubertal development is most varied. Hence, our design was not optimized to test for puberty-specific effects. Moreover, there was not enough power to distinguish between age and puberty effects, as these are highly correlated. These are questions that can be best-captured in future longitudinal designs.

Previous research has indicated that school transitions may play a role in the development of self-concept in adolescents ([@bib0010], [@bib0030], [@bib0335], [@bib0340]). Future studies could use an optimized design to test for nonlinear and nonquadratic age effects in order to examine the effect of school transitions on the neural signature of self-evaluations.

As peers become increasingly important during adolescence, and adolescents attach more value to the opinions of others ([@bib0105], [@bib0280], [@bib0300]), future studies could focus on the development of reflected self-evaluations as well. A prior study comparing self-evaluations in early adolescents (11--14 years) with self-evaluations in young adults (23--30 years), showed stronger mPFC activation for evaluating social traits from the perspective of friends, but for evaluating academic traits from the perspective of mothers ([@bib0225]). Therefore, studies investigating reflected self-concept across adolescence will be important to examine domain-specific sensitivities in more detail.

4.4. Conclusions {#sec0110}
----------------

We investigated developmental changes in the neural mechanisms of self-concept across late childhood, adolescence, and early adulthood, and we explored distinct underlying processes of self-evaluations in different domains. Previous research has mainly focused on self-related brain regions in adults ([@bib0080], [@bib0180]), and few studies have looked at differences between adolescents and adults ([@bib0120], [@bib0220]). In this study, we showed an increase in self-related mPFC activation in individuals aged between 11 and 21 years, for rating sentences in the physical domain. Moreover, mid- to late-adolescents show less striatum activation for positive self traits compared to their older and younger peers, suggesting that positive self-descriptions might be less salient for these adolescents. Together, these results highlight the importance of domain distinctions when studying self-concept development in late childhood, adolescence, and early adulthood.
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Appendix A. Stimuli as used in the self condition and in the control condition. {#sec0120}
===============================================================================

Stimuli as used in the self condition and in the control condition. {#sec0125}
-------------------------------------------------------------------

Self taskControl task**Academic Positive**Mooie ogen hebbenIk ben gemotiveerd op schoolLage cijfers halenIk ben goed in het maken van toetsenGemeen zijn tegen anderenIk leer graagMollig zijnIk leer snelSpelfouten makenIk ben slimAnderen buitensluitenIk doe het goed op schoolEen gezond gewicht hebbenIk heb mijn werk altijd op tijd klaarNetjes werkenIk ben een harde werkerAnderen pestenIk haal goede cijfersRuzie makenIk werk zelfstandigAnderen vergeven**Academic Negative**Spullen delen met anderenIk stel dingen uitEr moe uit zienIk heb veel hulp nodig op schoolLangzaam lezenIk ben luiPuistjes hebbenIk werk sloomRuzies oplossenIk ben onverstandigTevreden zijn met je uiterlijkIk werk chaotischEen goed geheugen hebbenIk vind school moeilijkEen doorzetter zijnIk ben snel afgeleidGoed zijn in rekenenIk werk slordigIk ben dom**Physical Positive**Ik ben mooiIk zie er stralend uitIk ben knapIk heb een goed lichaamIk heb een mooie lachIk heb een goede kledingstijlIk zie er aantrekkelijk uitIk mag blij zijn met mijn lichaamIk zie er goed uitIk heb een mooi figuur**Physical Negative**Ik ben te zwaarIk ben lelijkIk heb een slechte huidIk zweet veelIk ben dikIk zie er suf uitIk ben onaantrekkelijkIk heb overgewichtIk zie er onverzorgd uitIk heb lelijke tanden**Prosocial Positive**Ik leef met anderen meeIk troost anderenIk houd rekening met anderenIk help anderenIk voel met anderen meeIk geef om anderenIk kom voor anderen opIk zorg graag voor anderenIk doe graag iets voor een anderIk deel graag met anderen**Prosocial Negative**Ik kies altijd voor mezelfIk laat anderen hun problemen zelf oplossenIk leen mijn spullen niet graag uitIk houd alleen rekening met mezelfIk denk vooral aan mezelfIk help anderen alleen als ik er iets voor terug krijgIk zorg alleen voor mezelfIk negeer andermans problemenIk help nooit een vreemdeIk houd alles voor mezelf

Average number of words per sentence {#sec0130}
------------------------------------

Self task\#WordsAcademic Positive4.80Academic Negative3.70Physical Positive4.80Physical Negative3.70Prosocial Positive4.70Prosocial Negative6.00Control taskControl condition2.90
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[^1]: Correlation is significant at the 0.01 level (2-tailed).

[^2]: Correlation is significant at the 0.05 level (2-tailed).

[^3]: Names were based on the Automatic Anatomical Labeling (AAL) atlas.

[^4]: Names were based on the Automatic Anatomical Labeling (AAL) atlas.

[^5]: Names were based on the Automatic Anatomical Labeling (AAL) atlas.
